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Development of Fluorescence-linked
Immunosorbent Assay for High
Throughput Screening of Interferon-Y
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Yutaka Yamamoto!, Hidenori Ohnishi!, Hidenori Hiranuma?, Hisakazu Komine? and Naomi Kondo!

ABSTRACT

Background: Human interferon-gamma (hlFN-y) is produced by lymphocytes and has a variety of biological
properties. Measurement of hIFN-y is widely used for various immunological responses for allergic or autoim-
mune diseases. Enzyme-linked immunosorbent assay (ELISA) is an established immunoassay used to quan-
tify cellular metabolites or cytokines. ELISA requires many incubation and wash steps and is not practically
suitable for screening large numbers of samples.

Methods: We have developed a fluorescence-linked immunosorbent assay (FLISA)} method for the detection
of hIFN-y. We measured the 50% inhibitory concentration (ICso) value of the hIFN-y production by interleukin
(IL)-18 binding protein and anti-IL-18 monoclonal antibody. The ICso described by FLISA was compared with
that by ELISA.

Results: We developed a new system for measuring hiFN-y using Allophycocyanine (APC) fluorescent protein
and compared it with the previous method using Cy5.5. The proposed FLISA had a smaller coefficient of vari-
ation than ELISA, and the means of coefficient of variation using the same samples measured by ELISA and
FLISA were, respectively, 11.1% and 3.8%, suggesting that the edge effect often giving non-specific resulis
may be smaller in FLISA than in ELISA.

Conclusions: The improved FLISA system proposed is ideally suited for efficient measurements of hiFN-y.
This homogeneous and multiplex method will be a powerful tool for high throughput screening for drug discov-

ery research.

KEY WORDS

enzyme-linked immunosorbent assay, fluorescence-linked immunosorbent assay, fluorometric microvolume
assay technology, high-throughput screening, interferon-gamma

INTRODUCTION

Several studies have shown that cytokines participate
in the induction and effecter phases of inflammatory
responses in allergies. Studies of the cytokine net-
work are important for identifying candidates for
drugs or drug targets. In addition, measurement of
cytokines is required for screening of drugs.! The
regulation of human interferon-gamma (hIFN-y) is
particularly important for protective immunity in Thl
cells.2 hIFN-yis implicated with interleukin (I1)-12 in
the adoption of a Th1 phenotype. On the other hand,
Th2 cytokines such as IL-4, IL-5, IL-10, and II-13 af

fect allergic responses.34 Many studies have shown
that hIFN-y secretion associated with IL-12 or 18
plays an imiportant role in the Th1 and Th2 balance.56
Hence, measurement of hIFN-y has been widely used
for monitoring immune responses in allergic diseases
such as atopic dermatitis.”.8

Enzyme-linked immunosorbent assay (ELISA) is
an established immunoassay used to quantify various
cytokines. Conventional ELISA, which is not readily
amenable for screening large numbers of samples in
drug screenings, requires many processes and large
quantities of antibody. For drug discovery and devel-
opment, high throughput screening (HTS) would
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633 nm He/Ne / / /
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Fig. 1 Homogeneous assay is the main characteristic of
FLISA. An FMAT ® 8100 HTS has a macro confocal imag-
ing system with a helium/neon laser, which automaticaily fo-
cuses on and scans fluorescent-bound beads resting on the
bottoms of multiwell trays. Because the depth of focus, 100
wm, is small in comparison with the remaining volume, back-
ground fluorescence is minimal in relation to bead-bound
fluorescence; thus, there are no washing steps to remove
unbound fluorophores.

benefit from an immunoassay that requires minimal
manipulation and uses just a small amount of the
compounds required. Fluorescencelinked immuno-
sorbent assay (FLISA) is particularly well suited for
HTS.®

We have developed a FLISA method for the meas-
urement of hIFN-y. We constructed the assembly of
capture antibody and fluorescent conjugated detec-
tion antibody for our FLISA system. This system en-
ables high throughput measurement of hIFN-y and
could be applied to the assessment of other cytokines
or chemical mediators in allergic responses.

METHODS

INSTRUMENTATION

A Afluorescent microvolume assay technology
(FMAT®) instrument consists of a detector (Applied
Biosystems, Tokyo, Japan) integrated with a bar code
reader and robotic plate handler (Zymark Corp, MA,
USA) that can accommodate 60 plates. An FMAT®
8100 HTS has a macro confocal imaging system with
a helium/neon (He/Ne) laser (633 nm) which auto-
matically focuses on and scans fluorescent-bound
beads resting on the bottoms of multiwell trays. The
laser performs 256 scans across an area 1 mm x 1
mmx100 pm deep (Fig. 1). Because the depth of fo-
cus, 100 pm, is small in comparison with the remain-
ing volume, background fluorescence is minimal in
relation to bead-bound fluorescence;thus, there are
no washing steps to remove unbound fluorophores.
The emitted fluorescence passes through the same
optical path as the excitation beam and through a di-
chroic beam splitter for detection by photomultiplier
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tubes through the filters (680—730 nm).

PREPARATION OF ANTIBODY COATED BEADS
200 nl of streptavidin beads (0.5% w/v;6 um bead di-
ameter;SVP-60-55, Spherotech, were diluted in 800 pl
of phosphate-buffered saline (PBS) +0.01% sodium az-
ide (NaN3). After centrifugation at 10,000 g for 2min-
utes, the supernatant was discarded and resuspended
in 1 ml of PBS+0.01% NaN3. Next, a 4 pg portion of
biotinylated mouse anti-hIFN-y monoclonal antibody
(mAb) (AHC4539, Biosource, California, USA) was
added to the streptavidin beads solution and incu-
bated with gentle mixing for 18 hours at room tem-
perature. Washing was repeated 2 times and the cap-
ture antibody coated beads were stocked in PBS +
0.01% NaN3 (8.4 x 106 beads/ml) at 4°C.

PREPARATION OF RECOMBINANT hiL-18 PRO-
TEIN

We used recombinant wild-type hll-18 for the inhibi-
tion assay. Expression and purification were carried
out as described previously with minor modifica-
tions.19-12 The concentration of purified hIL-18 protein
was estimated using the absorbance constant (6160)
for hIL-18.

PREPARATION OF hiFN-y BIOLOGICAL SAMPLE
hIL-18 inhibition assay based on hIFN-y induction
was carried out as previously described.13.14 Briefly,
human myelomonocytic KG-1 cells (ATCC CCL246)
were grown in a culture medium consisting of RPMI
1640 supplemented with 10% heat-inactivated fetal calf
serum , L-glutamine (2 mmol / L) , penicillin
(100 U/ml) and streptomycin (100 ug/mL). hIl-18
prepared at our laboratories (in a final concentration
of 2 ng/ml) was preincubated with anti-hIl-18 mAb
(Medical & Biological Laboratories, Nagoya, Japan)
or hIL-18 binding protein Fc chimera (IL-18BP) (Re-
search and Development Systems Inc, Minneapolis,
USA) (in final concentrations between 0 and 500 ng/
ml) at 37°C for 1 hour and then 100 yl of the mixture
added to 100 ul of KG-1 cells (3 x 106 cells/ml ) per
well in a 96-well plate (Nunc, Roskilde, Denmark), fol-
lowed by incubation at 37°C for 24 hours in 5% COq.
The culture supernatants were collected, and the
hIFN-y production in each of the samples was deter-
mined by ELISA (Japan Immunoresearch Laborato-
ries, Co. Ltd., Takasaki, Japan) and FLISA. Data are
presented as the percent inhibition of total hIFN-y
production in the absence of hIl-18 antagonists. ICso,
the concentration of antagonists required to inhibit
50% of hIFN-y production by KG-1 cells stimulated
with hIl-18, was then calculated.

FLUOROMETRIC MICROVOLUME IMMUNOAS-
SAY FOR hiFN-y

A 50ul aliquot of sample or hIFN-y standard (Re-
search and Development Systems Inc) was placed

Allergology International Vol 55, No1, 2006 www.jsaweb.jp/
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Fig. 2 Detection of fluorescence-linked beads in the wells with various concentrations of hiFN-y.
The intensity of the bead-bound fluorescence increased according to the hIFN-y concentration.
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Fig. 3 The standard curve for hIFN-y obtained with FLISA.
The linear dynamic range for hIFN-y was 3.9-1,500 ng/mi.
Each data point represents the average of triplicate assays.

into a 96-well plate. 50 nl of beads mixture (antibody
beadss: allophycocyanin (APC) conjugated mouse
anti-hIFN-y mAb (554702, Pharmingen, California,
USA) s:FLISA buffer (PBS, 1% BSA, 0.35 M NaCl, 0.1%
Tween-20, 0.01% NaN3) =100:6.4:6500) was then
mixed with the sample or standard in each well and
incubated for 4 hours overnight at room temperature
in the dark. After incubation, the 96-well plate was
scanned using the FMAT® scanner. The average
fluorescence per bead was recorded.

RESULTS

FMAT® 8100 HTS includes a bead-based assay sys-
tem and is designed to negate the unbound fluores-
cent dye-labeled antibody. At measurement, FMAT®
scans for fluorescent-bound beads resting on the bot-
tom of multiwell trays (Fig. 1). No beads are found in
the upper portions of the wells and non-specific fluo-
rescence is not involved in background fluorescence
intensity. In the lower 100 um of the wells, the signals
of unbound fluorescent dye-labeled antibody are de-
leted due to the limited size and form of the beads.
Actually, the fluorescence intensity of negative con-

Allergology Internatiohal Vol 55, No1, 2006 www .jsaweb.jp/

trol wells is 31.6 +/ — 2.1 and that of the wells, which
have 3.9 pg/ml of the minimum IFN-y is 77.2 + / —
4.9. This is an obvious difference between negative
control wells and minimum IFN-y wells.

A standard solution of hIFN-y was two-fold serially
diluted in RPMI-1640 + 10% FCS. The intensity of the
bead-bound fluorescence increased according to
hIFN-y concentration (Fig. 2). A standard curve for
hIFN-y was generated using the FMAT® scanner
(Fig. 3). The linear dynamic range of hIFN-y by
FLISA was 3.9-1500 pg/ml. These results indicate
that our system can recognize minute changes of
hIFN-y values. With previously established methods
for II-6 and IL-8, the linear dynamic ranges were
15.6—-1000 pg/ml and 15.6—-2000 pg/ml, respectively.
Our FLISA system has an equivalent dynamic range
comparable to these results,® a range that is suffi-
cient to be applied in clinical use.

To test whether FLISA could accurately quantify
hIFN-y in a biological sample, inhibition assays of
hllL-18 were performed.1516 We measured about 150
samples using FLISA and about 90 samples using
ELISA. Sample preparation time of FLISA was equal
to that of ELISA. hIFN-y produced by KG-1 cells was
measured using ELISA and FLISA (Figs. 4A, 4B).
hll-18 was neutralized by anti-hIL-18mAb or IL-18BP
before stimulation. The ICsos for anti-hIL-18mAb and
hIL-18BP using FLISA were 19.7 ng/ml and 5.2 ng/
ml, respectively (Fig. 4B). Similarly, those using
ELISA were estimated as 27 ng/ml and 5.4 ng/ml,
respectively (Fig. 4A). However, as shown in Fig-
ure 4, the results of ELISA did not show a regression
curve suitable for estimating precise ICso values. The
means of the coefficient of variation using the same
samples measured by ELISA and FLISA were respec-
tively 11.1% and 3.8%, suggesting that the edge effect
often giving non-specific results may be smaller in
FLISA than in ELISA.

Our proposed FLISA method was modified to use a
combination of capture antibody and fluorescent dye-
labeled detection antibody. As shown in Figure 5,
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Fig. 4 Inhibition assay of hlL-18 by hiL-18BP or anti-hiL-
18 mAb. hiL-18 (final concentration 2 ng/ml) was incubated
with two-fold dilutions of anti-hIL-18 mAb or hIL-18BP for 1
hour at 37°C. After this incubation, the mixtures were added
to KG-1 cells, and after 24 hours hiFN-y was measured. The
stimulation control of hiL-18 (2 ng/ml) was set at 100%, and
the percent change was caiculated for each concentration
of anti-hIL-18mAb or hIL-18BP. Each data point represents
an average of triplicate assays. (A) The inhibition curve
measured by ELISA. (B) The inhibition curve measured by
FLISA. The solid circle shows the inhibition of hlL-18 by hiL-
18BP. The solid square shows the inhibition of hiL-18 by
anti-hIL-18 mAb.

streptavidin beads and a biotinylated mouse anti-
hIFN-y mAb were used as IFN-y capture particles and
APC conjugated mouse anti-hIFN-y mAb was used as
the IFN-y detection reagent. Previously, goat anti-
mouse IgG (Fc) beads and mouse anti-hIFN-y mAb
have been used as the IFN-y capture particles and Cy
5.5 conjugated mouse anti-hIFN-y mAb as the IFN-y
detection reagent. Figure 6 shows our standard curve
for IFN-y estimated IFN-y values in detail compared
with that from the previously proposed FLISA
method.

DISCUSSION

When measuring various cytokines, the effect of the
environmental temperature is one of the factors influ-
encing inter-experimental accuracy. ELISA requires
washing and application of a detection antibody fol-
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(@) (b) ©) (d)

Fig. 5 Schematic diagram of our FLISA method (A) and a
previous method (B). (A): (a) streptavidin beads. (b) biotiny-
lated mouse monoclonal anti-niIFN-y mAb. (c) hiFN-y sam-
ple. (d) APC conjugated mouse monoclonal anti-hiFN-y
mAb beads. (B): (a) goat anti-mouse IgG(Fc) beads. (b)
mouse anti-hIFN-y mAb. (¢) hIFN-y sample. {(d) Cy5.5 con-
jugated mouse anti-hIFN-y mAb.
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Fig. 6 The standard curve for hIFN-y obtained with our
newly proposed FLISA method (solid circles) and the previ-
ously reported FLISA method (open circles). The sensitivity
of our method was about four-fold higher than that of the
previously reported method.

lowing the first incubation, and washing and applica-
tion of a detecting reagent following the second incu-
bation. On the other hand, with FLISA, measure-
ments can be performed following the first incuba-
tion. In all ELISA steps it is therefore very easy to ex-
pose the samples to environmental temperatures.
The edge effect, which is the difference in tempera-
ture between the outer and inner wells, is therefore
one of the factors resulting in inter-experimental er-
rors. 1718 Accurate screenings are very much re-
quired in working toward drug discoveries.19,20

We used two kinds of mouse hIFN-y mAb in our
FLISA method;one a capture antibody, the other an
APC conjugated antibody as a detection antibody.
Measurements of hIFN-y in a previous report used a

Allergology International Vol 55, No1, 2006 www.jsaweb.jp/



Development of FLISA for Interferon-y

goat anti-mouse IgG antibody as the bead-coating an-
tibody and two kinds of mouse anti-hIFN-y mAb, a
capture antibody and a Cy5.5 conjugated antibody
(Fig. 5).21 The sensitivity of our proposed FLISA
method was about four-fold higher than that of previ-
ous methods (Fig. 6). That is, the minimum unit for
measurement in our method is four times smaller;0.5
pg/ml/fluorescence (FL) in the previous method by
Komatsu et al., 0.125 pg/ml/FL in our method.
Therefore, we were able to obtain detailed IFN-y val-
ues. The sensitivity of the FLISA method proposed in
this paper allowed the discrimination between differ-
ences.

The sensitivity of each method may depend on the
structural difference between APC and Cyb5.5. One
APC molecule bounds to one antibody. The APC is a
trimer that consists of o and p subunits (of8)s. Each
subunit has one fluorophore;so as a result an APC
conjugated antibody contains six fluorophores
(Fig. 5A).22 However, one Cy5.5 binds to one anti-
body, and the Cy5.5 is a single fluorophore itself.
Thus an antibody conjugated Cy5.5 has one fluoro-
phore (Fig. 5B). Although the fluorescent dye/anti-
body ratio of APC is equal to that of Cy5.5, an APC
conjugated antibody has six times as many fluoro-
phores as a Cy5.5 conjugated antibody. The differ-
ence in fluorescence intensity may also be a factor in-
creasing sensitivity.

To quantify hIFN-y in large amounts of sample, we
developed a more efficient assay method than con-
ventional ELISA, which can involve many incubation
and washing steps, and requires large amounts of an-
tibodies.? In contrast, our FLISA method is a homo-
geneous bead-based immunoassay that requires no
wash steps. Over 100-fold less capture antibody is
needed in FLISA than in conventional ELISA.7 How-
ever, the most striking difference is the time required
for the assay. In our study, the occupation time of the
FLISA method was about 1 hour, demonstrating that
FLISA can be performed in a much shorter time than
conventional ELISA, which requires about 5 hours.23
A minimal time requirement is a crucial factor for ap-
plications such as HTS in drug discovery research.
FLISA is thus an attractive method as it involves less
hands-on time and lower running costs.21

In immunological studies using FLISA, measure-
ments of I1-6 and IL-8 and CD3+/CD4+ lymphocyte
counts in whole blood have been reported.924 The
bead-based system of the FLISA is readily applicable
to any other plate-based assay, such as non-
radioactive kinase, phosphatase, and protease assays.
A multiplexed bead-based receptor-ligand binding as-
say has already been demonstrated using FLISA.2526
In addition, FLISA is capable of detecting and quanti-
fying fluorescence on live cells, allowing for such di-
verse assays as apoptosis and cytotoxicity, and cellu-
lar immunoassays, and receptor ligand binding as-
says.2528 The FLISA system can be adapted for HTS

Allergology International Vol 55, No1, 2006 www.jsaweb.jp/

of large libraries of chemical and natural products,
thus having a place in any laboratory that routinely
performs multiple, repetitive assays.
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Role of macrophage migration inhibitory
factor in ovalbumin-induced asthma in rats

M. Kobayashi*, Y. Nasuhara*, A. Kamachi®, Y. Tanino*, T. Betsuyaku?*,
E. Yamaguchi', J. Nishihira® and M. Nishimura*

ABSTRACT: Macrophage migration Inhibltory factor (MiF) is a pro-Inflammatory cytokine that
reportedly counteracts the antl-Inflammatory effect of endogenous glucocorticolds. There have
only been a few reports that demonstrate a potential link between MIF and bronchlal asthma. In an
attempt to further clarlfy the precise role of MIF In asthma, the present authors examined the
effect of antl-MIF anilbody (Ab) on alrway Inflammation and alrway hyperresponsiveness In an
ovalbumin-Immunlsed rat asthma model.

Actively Inmunised brown Norway rats recelved ovalbumin Inhalation with or without treatment
of anti-MIF Ab. The levels of MIF In bronchoalveolar lavage fluld were significantly elevated after
the ovalbumin chalienge.

“An immunohistochemical study revealed positive Immunostaining for MIF In bronchlal
eplthelium, even In nonsensltised rats, and the MIF stalning In bronchial epithelium was
enhanced after the ovalbumin challenge. Antl-MIF Ab significantly decreased the number of total
cells, neuirophlis and eoslnophlis In the bronchoalveolar lavage fluld of the ovalbumin-challenged
rats, and also attenuated the ovalbumin-induced alrway hyperresponsiveness to ovalbumin and
methacholine. However, antl-MIF Ab did not affect the level of serum ovalbumin-specific IgE,

suggesting that anti-MIF Ab did not suppress immunisation kself.
The resuits indlcate that macrophage migration Inhibltory factor plays a cruclal role in alrway
Inflammation and alrway hyperresponsiveness in asthma.

KEYWORDS: Alrway hyperresponsiveness, alrway inflammation, asthma, eosinophil, macrophage

migration Inhibitory factor, ovalbumin

acrophage migration inhibitory factor
M (MIF) was first described as one of the

earliest cytokines to be derived from
activated T-cells and to prevent the random
migration of macrophages [1, 2]. Cloning of
human MIF ¢<DNA has led to extensive studies
using purified recombinant MIF [3]; this protein
has been postulated to function as a pro-
inflammatory cytokine [4, 5]. DONNELLY ef al. [6]
reported that the levels of MIF in bronchoalveolar
lavage fluid (BALF) were increased in patients
with acute respiratory distress syndrome. The
present authors subsequently demonstrated that
anti-MIF  antibody (Ab) attenuated both
lipopolysaccharide-induced neutrophil accumu-
lation in rat lungs [7] and bleomycin-induced
acute lung inflammation and mortality in mice
[8]. These data support the idea that MIF is a pro-
inflammatory cytokine involved in lung injury.

MIF is now known to be constitutively expressed
in a variety of cells, including macrophages, T~
cells and bronchial epithelial cells in the lungs [4,
7, 91. It has the unique feature of overriding the

EUROPEAN RESPIRATORY JOURNAL

anti-inflammatory and immunosuppressive
effects of glucocorticoids [5, 10]. MIF also plays
an important regulatory role in the activation of
T-cells induced by mitogenic or antigenic stimuli
[11]. The strong induction of MIF mRNA and
protein has been observed from T-helper cell (Th)
type 2 but not Th1 clones [11]. Accordingly, MIF
is considered to be a pleiotropic peptide, func-
tioning as a cytokine and/or hormone.

Only a few reports have examined the potential
role of MIF in asthma [12~14]. Rosst et al, [12] first
reported that MIF levels were increased in BALF
from asthmatic patients and that circulating
eosinophils could produce MIF upon stimulation
in vitro. However, one subsequent animal study
could not support this argument of the role of
MIF in asthma because anti-MIF serum did not
affect allergic airway inflammation in mice [14].
The aim of the present study is to further clarify
the role of MIF in asthma using rats. The study
will demonstrate that anti-MIF Ab inhibits
ovalbumin (OA)-induced airway inflammation
as well as airway hyperresponsiveness in brown
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Norway rats, which have been used as a model of atopic
asthma [15-17].

MATERIALS AND METHODS

Anlmals and Immunisation

The research adhered to the Declaration of Helsinki and was
approved by the Ethical Committee on Animal Research
(Hokkaido University, Sapporo, Japan). Specific pathogen-free
6-week-old male brown Norway rats (weight range, 160-200 g)
were purchased from Japan Charles River Co. (Yokohama,
Japan). They were actively immunised to OA by subcutaneous
injection with 1 mg OA containing 200 mg aluminum hydro-
xide. An adjuvant consisting of 1 x 10° heat-killed Bordetella
pertussis organisms was intraperitoneally injected at the same
time.

Preparation of rabbit polyclonal Ab agalnst MIF

Polyclonal anti-rat MIF serum was generated by immunising
New Zealand white rabbits with purified recombinant rat
MIF. Rat MIF was expressed in Escherichia coli and purified to
homogeneity, as described in a previous publication of the
authors’ [18]. In brief, the rabbits were inoculated intrader-
mally with 100 mg of MIF emulsified in complete Freunds’
adjuvant (Wako Pure Chemical Industries, Osaka, Japan) at
weeks 1 and 2, and with 50 mg of MIF diluted in incomplete
Freunds’ adjuvant (Wako Pure Chemical Industries) at
week 4. The immunoglobulin (Ig)G fraction was prepared
using Protein A Sepharose (GE Healthcare Bio-Sciences,
Piscataway, NJ, USA) according to the manufacturer’s
protocol.

Experimental protocol

The rats were divided into three groups: Naive group, OA
group, and OA+anti-MIF Ab group. The Naive group did not
receive immunisation and did not have any treatments. The
OA and OA+anti-MIF Ab groups were actively immunised on
day 0 and intraperitoneally injected with 2 mg of the non-
immunized rabbit IgG or the anti-MIF polyclonal Ab every 2
days from day 0 to day 16. In the preliminary study, the
present authors had confirmed that non-immunised rabbit IgG
caused no changes in inflammatory cells of the OA-immunized
lungs. Neither total cell nor eosinophil counts in BALF were
significantly different between the OA immunised+untreated
group and the OA immunized+non-immunized IgG group
(8.99+1.70x10°  versus  7.05+0.89x10° n=3, and
5.7940.76 x 10° versus 4.67+0.80x10° n=3, 3, respectively;
unpublished data). The OA immunized+non-immunized IgG
group were thus used as control in this experiment. The
authors felt that administration of non-immunized rabbit IgG
would be desirable to more specifically examine the effect of
anti-MIF Ab. On day 14, the rats inhaled 2 % weight/volume
OA for 15 minutes in an exposure chamber. Three days after
OA inhalation, broncoalveolar lavage was performed, blood
samples and lung tissues were taken, and the airway response
to OA or methacholine (Mch) was measured.

Bronchoalveolar lavage and cell counilng

The lungs were washed three times with 15 mL of sterile
saline. After the lavage, the lungs were fixed with an
intrabronchial infusion of 10% neutral formalin at a constant
pressure of 25 cmH,O for 48-h period. The lavage fluid was
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centrifuged and the cells were counted and processed for
differential cell analysis. The supernatant was used for
the measurement of MIF, eotaxin, or interleukin (IL)-13
concentrations.

Measurement of bronchlal responsiveness to methacholine
and ovalbumin

Three days after OA challenge, another set of three groups
were anesthetised with an intraperitoneal injection of pento-
barbital sodium (50 mg-kg™). Intratrachial intubation was then
performed with a metallic tube. The rats were mechanically
ventilated (Rodent Ventilator Model 683; Harvard Apparatus,
Holliston, MA, USA). A pressure transducer (TP-602T; Nihon
Kohden Co., Tokyo, Japan) was connected to a side port of
the metallic tube, and airway opening pressure (Pao) was
continuously measured. An aerosol of Mch or OA was
administered through a reservoir box connected to the
ventilator system. After measurement of baseline Pao, an
aerosol of saline followed by Mch or OA was administered.

Immunohistochemlcal study

Immunchistochemistry was performed according to the
manufacturer’s protocol on paraffin embedded tissue using a
Catalized Signal Amplification kit (DAKO Japan, Kyoto,
Japan). The primary Ab was anti-MIF diluted at 1:200 with
PBS. The tissue sections were counterstained with methyl
green and mounted. The anti-MIF Ab used for immunohisto-
chemical study was the same as the Ab administered for
treatment of rats.

Measurement of MIF levels by ELISA

The levels of MIF in the BALF were quantitated using the
ELISA method, as described in a previous publication [19]. The
anti-rat MIF Ab administered for freatment of rats was used in
ELISA. Briefly, the anti-rat MIF Ab was added to each well of a
96-well microtitre plate. Wells were incubated with biotin-
conjugated anti-MIF Ab for 1 h at room temperature. Avidin-
conjugated horseradish peroxidase was added after washing,.
Substrate solution was then added to each well. The reaction
was terminated with 2 M sulphuric acid. The absorbance was
measured at 492 nm on an automated ELISA plate reader. The
detection limit of this system was 1.5 ng'mL™.

OA-specific IgE Ab assay

The levels of OA-specific IgE in serum were quantitated using
an ELISA method, as previously described [20]. Briefly, the 96-
well microtitre plates were coated with anti-rat IgE monoclonal
Ab (Zymed, South San Francisco, CA, USA) at 4°C for 24 h.
The plate was washed and incubated with standard serum or
sample serum for 1 h at room temperature. After washing,
horseradish peroxidase-streptavidin was plated into each well.
After final washing, o-phenylenediamine solution containing
0.035% hydrogen peroxide was added to each well. The
enzyme reaction was stopped by the addition of 2 M sulphuric
acid and the absorbance was measured at 490 nm on a plate
reader. The absorbance of standard serum diluted 1:100 was
arbitrarily defined as U-mL™,

Measurement of eotaxin and IL-13 concentrations by ELISA

Due to the high degree of similarity maintained in chemokines
across species, a mouse ELISA kit (R&D Systems. Inc,
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Minneapolis, MN, USA) containing a polyclonal Ab that
recognizes mouse eotaxin was used to detect the rat cognate.
FEotaxin levels in BALF were determined using this kit
according to the manufacturer’s instructions. IL-13 levels in
BALF were determined using a rat-specific solid phase
sandwich ELISA kit (Biosource International, Camarillo, CA,
USA). The minimum detectable concentration of eotaxin was
3 pg'mlL; IL-13 was 1.5 pg-mL™.

Statistical analysls

Data are expressed as meanzSEM. Statistical analyses were
performed on the data using single-factor ANOVA on the
three groups and with a Student’s unpaired t-test for
comparisons of two groups. A p-value of <0.05 was assumed
to be significant.

RESULTS

Expresslon of MIF in OA-Induced alrway Inflammatlon

To investigate whether the expression of MIF in airways was
enhanced in this model, the levels of MIF in BALF were
measured 3 days after the OA challenge. They were signifi-
cantly elevated in the OA group compared with those in the
Naive group (147+14ngmL” wversus 1.311.1ng-mL",
respectively, p<0.05; fig. 1).

Immunohlistochemical localisatlon of MIF In lungs
Histological examination using the lung tissue confirmed that
OA inhalation induced widespread peribronchiolar inflamma-
tion in OA-sensitised rats, which is characteristic of asthma.
Positive immunostaining for MIF was observed within the
bronchial epithelium, even in the Naive group (fig. 2a). There
was a significant increase in immunostaining of the bronchial
epithelial cells, epithelial submucosa and inflammatory cells in
the alveoli of the OA group 3 days after the OA challenge
(fig. 2b).

Effect of anti-MIF Ab on alrway Inflammation
Total and differential cell counts 3 days after the OA challenge
are shown in figure 3. In the OA group, the numbers of total

20
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FIGURE 1. Levels of macrophage migration inhibitory factor (MIF) in
bronchoalveolar lavage fluid (BALF). MIF in BALF significantly increased 3 days
after the ovalbumin (OA) challenge in the OA group (n=6) compared with the Naive
group (n=3). *: p<0.05.
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FIGURE 2. Immunohistochemistry of macrophage migration inhibitory factor
(MIF) in the lung. a) MIF was weakly detected in airway epithelium in the Naive
group. b) MIF was prominent in airway epithelium in the ovalbumin (OA) group 3
days after the OA challenge. Scale bars=100 pm.

cells, macrophages, eosinophils and neutrophils were signifi-
cantly elevated compared with those of the Naive group.
Treatment with anti-MIF Ab significantly decreased the
numbers of total cells, eosinophils and neutrophils compared
with those of the OA group (total cells: 15.043.5 X 10° in the
OA group versus 10.5+2.4 x 10° in the OA+anti-MIF Ab group,
p<0.01; eosinophils: 10.5+2.7 x10° in the OA group versus
62+27 x10° in the OA+anti-MIF Ab group, p<0.0L;
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neutrophils: 1.441.2 x 10° in the OA group versus 0.16-+0.27
x10° in the OA+anti-MIF Ab group, p<0.01) and thus
significantly attenuated airway inflammation.

Effect of antl-MIF Ab on antigen-speclfic alrway coniractlon
and nonspecific alrway hyperresponsiveness

To investigate whether anti-MIF Ab suppressed airway
hyperresponsiveness, OA-specific and Mch-induced airway
contractions were measured. After measurement of the base-
line pressure, an aerosol of OA was administered. The airway
pressure was significantly increased in the OA group (fig. 4a)
but not in the OA+anti-MIF Ab group (fig. 4b).

Similarly, after measurement of the baseline pressure, an
aerosol of Mch was administered for 1 min in progressively
doubled concentrations from 0.0625 mg:mL™. In the OA
group, the airway pressure was significantly increased. In
contrast, the OA+anti-MIF Ab group did not respond to Mch
(up to 16.0 mg'ml™). The Naive group did not respond to
either 5% OA or Mch (up to 16.0 mg-ml™; data not shown).

Effect of antl-MIF Ab on the development of humoral
Immune responses

Elevated levels of IgE are known to be important in the
development of an allergen-induced airway response [21]. The
results described above may be a consequence of suppression
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of OA immunisation by treatment of anti-MIF Ab; the authors
therefore examined the possibility that anti-MIF Ab might
have influenced OA-specific IgE levels in serum. As shown in
figure 5, as expected [16], the levels of OA-specific IgE in
serum were significantly elevated in the OA group compared
with those in Naive group (124.0+41.3 U-mL™ in the OA
group versus 18.6+5.7 U'mL™ in the Naive group, p<0.05).
Treatment with anti-MIF Ab similarly caused the elevation of
OA-specific IgE in serum (153.3 +39.6 U-mL™).

Effect of a single adminlsiration of antl-MIF Ab before
alrway challenge

The authors next considered whether the single administration
of anti-MIF Ab before OA challenge might explain the results
described above. A 2-mg aliquot of anti-MIF Ab or nonimmu-
nised rabbit IgG was injected only once 2h before OA
challenge and bronchoalveolar lavage was performed 3 days
after OA challenge. As shown in figure 6, a single administra-
tion of anti-MIF Ab did not change either the number of total
cells or the differential cell counts in BALF.

Effect of antl-MIF Ab on eotaxin levels In BALF

To investigate the mechanism by which anti-MIF Ab attenu-
ated eosinophil accumulation in the lungs, the levels of
eotaxin, a potent chemokine of eosinophils, in BALF were
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FIGURE 3. Total and differential cell counts in bronchoalveolar lavage fluid. Bronchoalveolar lavage was performed 3 days after ovalbumin (OA) challenge. The numbers
of a) total cells, b) macrophages, ¢) eosinophils d) and neutrophils were significantly elevated in the OA group in comparison with the Naive group. Treatment with anti-MIF
antibody (CA+MIF Ab) significantly decreased the numbers of total cells (a), eosinophils (c) and neutrophils (d} (n=6). **: p<0.01; ns: nonsignificant.

4 VOLUME 27 NUMBER 4

EUROPEAN RESPIRATORY JOURNAL



M. KOBAYASHI ET AL,

a)
O
o
T
[
il
g
2 10
[
o
o
>
@
£
<
04
o) 'y
Q
N
I
[
G
2
5 10 4
[
@«
o
a
>
@©
£
=4
0

AA S AAAAAA

MIF IN ALLERGEN-INDUCED ASTHMA

d)

ANAAAAAAAA

FIGURE 4. The effect of anti-macrophage migration inhibitory factor antibody (MIF Ab) on airway contraction. Both ovalbumin (OA)-specific and non-specific airway
responsiveness were examined 3 days after OA challenge. After measurement of baseline pressure, an aerosol of 5% OA (indicated by the dotted arrowhead) was
administered for 16 min (solid black arrow in a). a) In the OA group, the airway pressure was significantly increased. b) Converesly, the airway pressure was not increased in
the OA+anti-MIF Ab group. An aerosol of methacholine (Mch) was administered for 1 min in progressively doubled concentrations from 0.0625 mg-mL™' (grey arrowhead)
after measurement of the baseline pressure. ¢) In the OA group, the airway pressure was significantly increased. d) In contrast, the OA+anti-MIF Ab group did not respond to
Mch even at the maximum dose, 16 mg-mL". Results are representative of three independent experiments. Solid black arrow in b): 30 min; open arrowhead: safine

inhalation.

measured. In the study series up to 24 h after OA challenge,
the levels of eotaxin in BALF began to increase at 4 h and
reached peak levels at 8 h in the OA group; however, no
appreciable increase was seen in the levels of the Naive group
(data not shown). NO significant difference was seen in
eotaxin levels at 8 h after the OA challenge between the OA
group and the OA+anti-MIF Ab group (8.24+1.5 pgrmL™
in the Naive group, 127.3+38.0 pg'mL™” in the OA group,
and 160.0+23.3 pgmL” in the OA+anti-MIF Ab group;
fig. 7a).

Effect of anti-MIF Ab on IL-13 levels In BALF

The levels of IL-13 in BALE were also measured. The levels
were significantly elevated at 8 h after OA challenge in the OA
group compared with the Naive group. However, no sig-
nificant difference was seen in IL-13 levels between the OA
group and the OA+anti-MIF Ab group (31.2+5.2 pg-mL" in
the Naive group, 63.0+16.9 pg'mL™ in the OA group, and
724+8.1 pg'mL™” in the OA+anti-MIF Ab group; fig. 7b).

EUROPEAN RESPIRATORY JOURNAL

DISCUSSION

This study first demonstrated that OA-sensitised rats had
increased levels of MIF in BALF and enhanced expression of
MIF in airway epithelium after OA challenge. These results are
consistent with the previous observation in a human study in
which BALF from patients with asthma contained significantly
elevated levels of MIF as compared to normal volunteers [12].
In addition, it has been clearly demonstrated that treatment
with anti-MIF Ab significantly suppressed airway inflamma-
tion and airway hyperresponsiveness, both of which are
characteristic features in this rat model of atopic asthma.
These results indicate that MIF plays a potent role in the
pathogenesis of allergen-induced airway inflammation and
that anti-MIF Ab may have a therapeutic potential for
bronchial asthma.

The present study does not agree with a previous study in
which anti-MIF serum did not affect the allergic inflammation
of the airway in mice [14]. In that study, mice were exposed to
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FIGURE 5. Effect of anti-macrophage migration inhibitory factor antibody (MIF
Ab) on ovalbumin (OA)-specific immunoglobulin (Ig)E levels In serum. Serum was
removed from the inferior vena cava 3 days after the OA challenge (n=6). The levels
of OA-specific IgE in serum were significantly elevated in the OA group after OA
challenge compared with those in the Naive group. There was no significant
difference between the OA group and the QA+anti-MIF Ab group. *: p<0.05; Ns:
nonsignificant.

OA once daily for 7 days following active immunization by OA
injection and were treated with anti-MIF serum every 3 days
from the day before the first allergen challenge to the end of
the experiment. Such treatment did not significantly reduce the
number of eosinophils either in lung tissues or BALE. The
discrepancy between the two studies with regard to the effect
of anti-MIF on eosinophil recruitment into the airway requires
some explanation. First, the eosinophilic inflammation induced
in the other study was milder than that observed in the present
study; the percentage of eosinophils in BALF was nearly 30%
in the other study and 64.9+3.7% in the present study. The
small number of eosinophils in the other study might have
obscured the inhibitory effect' of anti-MIF Ab. Secondly,
researchers in the other study used anti-MIF serum rather
than anti-MIF Ab, and the total dose of anti-MIF serum given
might not have been sufficient. Indeed, although the previous
study also investigated the effect of anti-MIF serum on
lipopolysaccharide-induced neutrophilic airway inflammation,
the researchers could not demonstrate the effect of the anti-
MIF serum either. In contrast, the present authors previously
demonstrated that anti-MIF Ab significantly inhibited
lipopolysaccharide-induced neutrophil accumulation in rat
lungs [7]. Taken together, the anti-MIF serum used in the
other study may not have had enough potency or may not
have been given in a sufficient amount to exert a discernable
effect. A less likely possibility for the discrepancy between the
two studies is that the role of MIF in animal models of asthma
may differ among species.

MIF is known to be constitutively expressed in bronchial
epithelium [7, 9]. In the present study, the immunohisto-
chemical experiment clearly demonstrated that expression of
MIF was enhanced in airway epithelium after OA challenge in
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OA-sensitised rats. This is the first study to demonstrate that
bronchial epithelium is a potent source of MIF in an asthma
model. Previously, Rossl ef al. [12] suggested that eosinophils
might be a potential source of MIF in human asthma because
even circulating eosinophils from normal volunteers were
shown to produce MIF with phorbol myristate acetate
stimulation. Indeed, in the present study, the majority of
inflammatory cells in BALF were eosinophils. Accordingly,
bronchial epithelium as well as eosinophils may jointly
contribute to the increased levesl of MIF in BALF in the
present rat asthma model.

Because 60-70% of total cells in BALF in OA-sensitised rats
were eosinophils, the attenuation of the number of total cells
by treatment with anti-MIF Ab is mostly attributed to the
attenuation of the number of eosinophils. It has been reported
that the eotaxin levels are highly elevated in BALF from
patients with asthma [22] and that eotaxin is associated with
airway hyperresponsiveness [23]. Eotaxin may therefore play
an important role in the pathogenesis of bronchial asthma. As a
result, the present authors wondered whether the effect of the
anti-MIF Ab on airway inflammation might be at least in part
explained by its effect on eotaxin. It was found that the level of
eotaxin in BALF was certainly elevated after OA challenge
compared with that in naive rats. However, no significant
difference was observed in the levels of eotaxin in BALF
between the OA group and the OA+anti-MIF Ab group. In
animal models, IL-13 has been shown to induce airway
hyperresponsiveness and airway eosinophilia [24, 25]. It is
also possible that IL-13-dependent airway hyperresponsive-
ness occurs via mechanisms that are independent of airway
eosinophilia [26]. In the present study, the levels of IL-13 in
BALF were elevated after OA challenge; however, there was
no significant difference between the OA group and the
OA+anti-MIF Ab group. The authors also measured the
expression of IL-5 mRNA and macrophage inflammatory
protein (MIP)-1a. mRNA using tissue homogenates after OA
challenge. These chemokines are known to have a role in the
recruitment of eosinophils to airways in asthma. However, the
level of mRNA for MIP-la did not increase after antigen
challenge and that of IL-5 was under the detection limits, even
after antigen challenge in this model (data not shown). A
previous study reported that MIF significantly delayed
spontaneous neutrophil apoptosis in vitro, as well as eosinophil
apoptosis to some extent [27]. Thus, the anti-MIF Ab might
reduce the number of eosinophils and neutrophils in BALF by
enhancing apoptosis of those cells.

The anti-MIF Ab dramatically reduced the number of
neutrophils in BALE in the present study. Neutrophils are
known to be increased in the airways of patients with status
asthmaticus [28], during exacerbations of asthma [29] and in
sputum from subjects with severe asthma [30]. However, the
role of neutrophils in asthma is not fully understood. The
attenuation of the number of neutrophils may be partially
attributed to the anti-inflammatory effect of anti-MIF Ab in the
present model. The authors have previously reported that anti-
MIF Ab inhibits lipopolysaccharide-induced neutrophil accu-
mulation in rat lungs via its suppressive effect on MIP-2, a
powerful neutrophil chemokine [7]. Therefore, the suppression
of MIP-2 might cause attenuation of the number of neutrophils
in the rat asthma model.
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FIGURE 6. Effect of single administration of anti-macrophage migration inhibitory factory antibody (MIF Ab) on a) total cells, b) macrophages, ¢) eosinophils and d)
neutrophils in bronchoalveolar lavage fluid (BALF). A 2-mg aliquot of anti-MIF Ab or rabbit IgG was injected once, 2 h before ovalbumin (OA) challenge and bronchoalveolar
lavage was performed 3 days after OA challenge. A single administration of anti-MIF Ab did not reduce the number of total and differential cell counts in BAL fluid (n=3).

In the present study, the anti-MIF Ab did not affect antigen-
specific IgE in serum, which led to investigation of whether a
single dose of anti-MIF Ab could exert its effect before OA
inhalation. A single administration of anti-MIF Ab did not
reduce the number of total cells and differential cell counts in
BALF, suggesting that the serial injection of the anti-MIF Ab
from OA sensitisation to 2 days after OA inhalation are
necessary for its suppressive effect to be exerted. The total
amount of anti-MIF Ab might be important for exertion of its
effect. It was therefore concluded that anti-MIF Ab suppressed
OA-induced airway inflammation by an independent mecha-
nism of OA-sensitisation.

Glucocorticoids are currently the most effective anti-inflam-
matory agent in the treatment of asthma [31]. However, it is
widely recognised that a small proportion of patients, who
are often named as steroid-resistant asthmatics, fail to
respond to glucocorticoids. MIF might play a role in the
blunt response to endogenous or exogenous steroids [5, 10].
This consideration leads to-the speculation that anti-MIF
therapy may not only have direct anti-inflammatory effects,
but also act by recovering the function of endogenous and/or
exogenous glucocorticoids.

Finally; some comments should be made on the weakness of
the experimental protocol in this study. First, quantitative
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assessment of airway hyperresponsiveness was not performed,
particularly for naive rats and OA+4anti-MIF Ab rats; this
meant it was unclear how much anti-MIF Ab attenuated
airway hyperresponsiveness in the OA-immunised lungs. Such
assessment was not performed because the authors’ specific
interest lay in assuring that enhanced airway hyperrespon-
siveness by OA immunisation and inhalation was actually
attenuated by anti-MIF Ab. Secondly, airway pressure was
used to assess airway hyperresponsiveness, which is influ-
enced by changes .in both airway resistance and lung
compliance. As the increased airway pressure was confirmed
to return to baseline in a short time, the change of compliance,
which is likely to be caused by lung parenchymal injury, could
be negligible in the present study (data not shown).

In summary, the present manuscript has demonstrated that
macrophage migration inhibitory factor is involved in the
asthmatic response in.the ovalbumin-sensitized rat asthma
model. It has also been shown that bronchial epithelium is a
potent source of macrophage migration inhibitory factor in this
asthma model. The anti-macrophage migration inhibitory
factor antibody also significantly attenuated ovalbumin-
induced airway inflammation and airway hyperresponsive-
ness. Although these data support the concepts that
macrophage migration inhibitory factor plays an important
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FIGURE 7. Effects of anti- macrophage migration inhibitory factory antibody
(MIF Ab) on a) eotaxin and b) interleukin (IL)-13 levels in bronchoalveolar lavage
fluid (BALF). The levels of eotaxin and IL-13 in BALF were significantly elevated in
the ovalbumin (OA) group compared with the Naive group 8 h after the OA
challenge. However, there were no significant differences in both chemokines
between the OA group and the OA+anti-MIF Ab group (n=3 for each).

role in asthma and anti-macrophage migration inhibitory
factor antibody may have a therapeutic potential for asthma,
further investigations are necessary to fully understand the
mechanism of the effect of anti-macrophage migration inhibi-
tory factor antibody on asthma pathology and to examine the
therapeutic potential of the anti-macrophage migration inhibi-
tory factor antibody in human asthma.
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WHAT 18 HYGIENE HYPOTHESIS?

Kondo

Today, we would like to discuss “Hygiene hypothesis -
significance and verification in asthma/allergy-". We have
invited Professor  Shuichi Kaminogawa from Nihon
University College of the Bioresource Science Department of
Food Science and Technology and Dr. Monica Kraft,
associate professor at Duke University Division of
Pulmonary, Allergy and Critical Care Medicine. Professor
Kaminogawa specializes in probiotics and Dr. Kraft is a
specialist in asthma and allergy. Today, we hope to hear a
variety of opinions on “hygiene hypothesis” regarding aspects
of the theory and its application to treatment.

Kaminogawa/Kraft
Nice to meet you.

Kondo

First, I would like to briefly explain the history of the
hygiene hypothesis. Recently, in rich Western industrial
countries, while the prevalence of infectious diseases such as
tuberculosis, hepatitis A, and mumps is decreasing, the
prevalence of autoimmune diseases and allergic diseases
continues to increase.

In 1989, Strachan DP proposed the hypothesis that “The
decrease in the incidence of infection in infancy and
childhood as a result of improved living standards and more
hygienic living conditions is equivalent to an increase in
allergic diseases”.” This hypothesis was not widely accepted
due to lack of supporting data, but as understanding of Thl
cells and Th2 cells deepened, it started to draw more
attention. Later, this theory evolved as “exposure to
microorganisms prevents allergic diseases,” namely “hygiene
hypothesis”.

Dr. Kraft, you actively study this “hygiene hypothesis.”
When did you start studying it?

Kraft

I think a study that really made me start to think about
this hypothesis in earnest was the Braun-Fahrlander C study
in the New England Journal of Medicine in 2002? Braun-
Fahrlinder C showed that in Europe, children living on
farms had significant exposure to LPS (lipopolysaccharide:
bacteria contained in cow and horse dung or endotoxins
contained therein) if you look at the exposure during the
first year of life and then the subsequent development of
wheezing, hay fever, and asthma, there is a significant

decrease compared to children that have not been exposed in
that period of life (Fig. 1).

Braun-Fahrlinder C looked at celluler effects of this
exposure by evaluation of peripheral blood mononuclear cells.
They exposed the cells to LPS and looked at several
inflammatory mediators. The greater the LPS exposure in
fact, the less inflammation they saw. Therefore, LPS
exposure reduced the Th2 inflammatory response.

Kondo
I see. Professor Kaminogawa, how did you get interested
in “hygiene hypothesis"?

Kaminogawa

I am very interested in the hygiene hypothesis from the
viewpoint of intestinal microorganisms. Antibiotics are
widely used for the treatment of many infectious diseases
and many people who readily take antibiotics contract
allergic diseases such as asthma and atopic dermatitis. So I
think from the viewpoint of microbiology, intestinal bacteria
are very important in explaining the hygiene hypothesis.

EPIDEMIOL.OGICAL VERIFICATION OF HYGIENE
HYPOTHESIS

Kondo

There are many epidemiological data concerning the
hygiene hypothesis. In an Ethiopian study, it was reported
that the prevalence of asthma is higher in urban areas than
in rural areas. There is a similar report from Germany. In
Western countries, too, it has been reported that children on
farms have a lower frequency of developing allergy or
asthma.

Kaminogawa

Another concept of hygiene hypothesis is that for example,
it has been reported that children with many brothers and
sisters are less at risk of having an allergic reaction bronchial
asthma and eczema. Do you think that infections from
brothers and sisters prevent the development of allergy?

Kraft

I think so. There is a similar study about day care. It was
reported that children that enter day care in infancy are less
at risk of developing asthma later on in life. In other words,
early communal living increases the chances of infection and
decreases the development of atopy. Infection from siblings
is one route and day care is another route. Children are

Hygiene Hypothesis
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